ABSTRACT The distribution of phytophagous stink bugs and associated boll injury in margins of cotton Þelds bordering various agronomic crops and woodlands were studied in 2007 and 2008. Two commercial cotton Þelds, ranging in size from 7.8 to 12.1 ha in Barnwell and Lee Counties, SC, were sampled weekly each year along predetermined transects at 0, 5, 10, and 25 m from the outside margin into the cotton Þeld. Stink bugs were sampled using a ground cloth (0.91 by 0.91 m), and quarter-sized bolls (Ϸ2.5 cm in diameter) were collected and examined for internal damage. Density (bugs/row-m) of total stink bugs (adults plus nymphs) was greatest in cotton adjacent to peanut. Boll injury was signiÞcantly greater in cotton adjacent to soybean and peanut than in cotton next to other habitats, including corn, cotton, and woodlands, during midseason. Density of nymphs was greatest in cotton adjacent to peanut during mid and late season. Densities of total stink bugs and adults were greatest in cotton immediately adjacent (0 m) to all bordering crops and decreased as distance from the margin increased. Boll injury was greatest in cotton immediately adjacent (0 m) to the bordering crop in mid and late season. Because densities of stink bugs and boll injury vary spatially and temporally along Þeld margins of cotton and can vary signiÞcantly based on the adjacent crop, such factors should be considered when developing integrated pest management strategies in cotton.
Stink bugs (Heteroptera: Pentatomidae) have become economically important pests of cotton, Gossypium hirsutum L., in South Carolina and other southeastern states (Greene et al. 2001a ), primarily as a result of changes in production practices. Management of pestiferous insects in southeastern cotton no longer involves numerous applications of broad-spectrum insecticides for major pests, such as boll weevil, Anthonomus grandis grandis Boheman, bollworm, Helicoverpa zea (Boddie), and tobacco budworm, Heliothis virescens (Fabricius) , that traditionally provided coincidental control of stink bugs (Greene et al. 2001b) . Under contemporary production practices, the boll weevil has been eradicated from this region, and growers have widely adopted genetically modiÞed cotton containing transgenes from Bacillus thuringiensis (Bt) (95% of acreage planted in South Carolina in 2007) (Williams 2008) .
The complex of boll-feeding bugs in cotton comprises several species of plant bugs (Heteroptera: Miridae) and stink bugs (Heteroptera: Pentatomidae). In the southeast, the green stink bug, Acrosternum hilare (Say), brown stink bug, Euschistus servus (Say), and southern green stink bug, Nezara viridula L., are the predominant pests ). Along with other phytophagous pentatomids, they reduce yield and lint quality by feeding on developing bolls, resulting in boll deformation, reduced yield and lint/ seed quality, and boll abscission (Wene and Sheets 1964 , Toscano and Stern 1976 , Barbour et al. 1990 , Greene et al. 2000 , Roberts et al. 2005 , Goerger et al. 2006 , Bommireddy et al. 2007 ). Feeding of stink bugs also allows entry of microorganisms that may contribute to physiological damage and degradation of fruit (anonymous 1981 , Verma 1986 , Panizzi 1997 , Medrano et al. 2009 ). Yield losses in South Carolina attributed to stink bugs peaked in 2005 at 7%, seven times the losses attributed to bollworm, a perennial pest (Williams 2006) .
Fluctuation of commodity prices and crop rotation requirements result in cotton being surrounded by a variety of crops rather than planted in a large monoculture system. Furthermore, small Þelds are common in the southeast, allowing the division of culti-vated systems into relatively small units. This cropping conÞguration, along with the adoption of conservation tillage and the Conservation Reserve Program (CRP), allows crops to also be bordered by an abundance of noncultivated plants that can host stink bugs (Panizzi 1997 , Peters et al. 2004 . Stink bugs can feed on a wide variety of hosts Sullivan 1982, McPherson and before migrating into cotton Þelds (Toscano and Stern 1976, Thomas and Marshall 1999) . The availability of alternate hosts near cotton increases the probability of signiÞcant infestations of stink bugs in cotton, especially after those hosts senesce or become less desirable as a food source (Bundy and McPherson 2000 , Jones et al. 2001 , Ottens et al. 2005 .
Many studies address the dispersal and movement of stink bugs within and between different crops and habitats (Zalom et al. 1996 , Leskey and Hogmire 2005 , Tillman 2006 , Outward et al. 2008 , Tillman et al. 2009 , Toews and Shurley 2009 ; however, numerous questions remain about the inßuence of adjacent agronomic crops and wild hosts on stink bug movement to, and development along, the margins of cotton Þelds. To address these critical questions, the objectives of this study were to (1) determine the distribution of phytophagous species of stink bugs in cotton edges, (2) examine the distribution of boll injury caused by stink bugs within the same boundaries, and (3) document the inßuence of adjacent crops and uncultivated habitats on the distribution of stink bugs and boll injury in cotton peripheries.
Materials and Methods
Site Description, Experimental Design, and Sampling Methods. Sampling was conducted in commercial Þelds of cotton in Barnwell and Lee Counties, SC: two Þelds in 2007 and two Þelds in 2008. Fields were 7.8 Ð12.1 ha (20 Ð30 acres) and surrounded by a variety of cultivated crops and habitats, including peanut, corn, cotton, sunßower, soybean, and woods (Table  1) . Woods adjacent to cotton Þelds were comprised of a number of different species; main species were loblolly pine, Pinus taeda L., water oak, Quercus nigra L., southern red oak, Quercus falcata Michaux, and American sweetgum, Liquidambar styraciflua L. Transects (two or three per habitat/crop surrounding each Þeld) were established from the perimeter of each Þeld and were classiÞed based on the adjacent habitat or crop. Sampling locations were designated along each transect at 0, 5, 10, and 25 m, with 0-m sampling on the Þrst row, and marked using 1.83-m (6 ft) ßags.
Stink bugs were sampled at each location directly using a 0.91 by 0.91-m white canvas ground cloth with wooden dowel rods sewn into two sides. The cloth was placed on the ground between two rows, and plants from both rows adjacent to the cloth were shaken vigorously over the cloth to dislodge insects. Groundcloth sampling was initiated during the Þrst 2 wk of bloom and continued weekly until the nodes above white ßower (NAWF) reached zero. In Barnwell County, 1.83 m of row were sampled at each location along each transect; Lee County, 3.66 m of row were sampled at each location along each transect. The green stink bug, southern green stink bug, and brown stink bug were recorded separately. All other phytophagous species of stink bugs were grouped and recorded in one category. Life stage (adult or nymph) was recorded for each species. Field-collected individuals representing each major species of the stink bug complex in South Carolina cotton were deposited in the Clemson University Arthropod Collection as voucher specimens.
Presence of stink bugs was estimated indirectly by examining bolls for signs of their feeding injury, and bolls were designated as "injured" by stink bugs if a callus growth on the interior of the carpel wall and/or stained lint was present (Wene and Sheets 1964 , Greene et al. 1999 , Toews et al. 2008 . Bolls sampled were Ϸ2.5 cm in diameter and were pliable when squeezed between the thumb and foreÞnger. Sampling began weekly when bolls of the proper size and Þrmness were present at each sampling location and ceased when bolls of the proper size and/or Þrmness could no longer be found. Ten bolls were collected at each sampling location in Barnwell County in both years and in 2008 in Lee County.
Analyses. Density per row-meter for adults, nymphs, total bugs, and bug species, and percentage of injured bolls over all Þelds were analyzed using repeated-measures analysis of variance (ANOVA). The procedure PROC MIXED (SAS Institute 2004), with degree of freedom adjustments following the Kenward-Roger method (Kenward and Roger 1997) , was used to model the relationship of distance from Þeld margin (0, 5, 10, and 25 m), adjacent crop/habitat (cotton, corn, soybean, and woods), and interaction between these two factors. To account for the correlation that may exist within individual transects, a REPEATED statement was included. Random effects used in the analysis were Þeld, Þeld ϫ transect (crop), Þeld ϫ crop, Þeld ϫ distance, and Þeld ϫ crop ϫ distance. For all analyses, means were separated using differences of least square means (LSM). Transects in cotton adjacent to sunßower were sampled in 2007, but because of the small interface with cotton and limited sampling data, those data were not included in analyses.
To analyze data temporally, sampling dates were consolidated into three groups: (1) early season, Ն6 NAWF; (2) midseason, 5Ð3 NAWF; and (3) late sea- Fig. 1 . Effects of crops on densities of stink bugs and boll injury as measured by transect sampling into cotton away from adjacent habitats. Within charts, bars with letters in common are not signiÞcantly different based on differences of LSM. son, Յ2 NAWF. The analysis described previously was conducted separately for each sampling date. The random effect in these analyses was transect ϫ Þeld (crop).
Results
Species Composition. Species composition varied among Þelds and between years. Overall, adult bugs represented 72% (n ϭ 519) of stink bugs sampled, whereas nymphs comprised 28% (n ϭ 202) of the total. The majority of bugs sampled were brown stink bugs (37.9%, n ϭ 273) and green stink bugs (33.6%, n ϭ 242), followed by southern green stink bugs (21.9%, n ϭ 158). Species comparisons indicated only densities of green stink bugs showed signiÞcant crop effects (F ϭ 4.41; df ϭ 4,18.6; P Ͻ 0.0112). Densities of green stink bugs were signiÞcantly greater in transects adjacent to peanut (0.1525 Ϯ 0.024 bugs/row-m) than transects adjacent to corn (0.07689 Ϯ 0.027), cotton (0.04376 Ϯ 0.018), soybeans (0.04152 Ϯ 0.019), and woods (0.02179 Ϯ 0.028). Because stink bugs are typically managed as a group (Greene et al. 2006) and to compensate for low numbers in transects for certain species, densities for all phytophagous species were pooled for analyses.
Overall Analysis. No signiÞcant crop effect on densities (bugs/row-m) of adults and nymphs or boll injury was observed (Table 2) . However, crop effect was signiÞcant for the density of total bugs (adults and nymphs combined), with densities signiÞcantly greatest in cotton adjacent to peanut (Fig. 1) . Distance effect was signiÞcant for the density of adult stink bugs sampled at various distances (0, 5, 10, 25 m) into cotton from the periphery, with densities at 0 m two-fold greater than at 10 and 25 m (Fig. 2) . A signiÞcant distance effect for density of total bugs was also seen, with densities at 0 m signiÞcantly greater than those at 5, 10, and 25 m (Fig. 2) . Overall distance effects were not signiÞcant for density of nymphs and boll injury (Table 2) . However, density of nymphs did follow the same trend as total bugs; greater at 0 m (0.06366 Ϯ 0.022 bugs/row-m) than at 5, 10, and 25 m (0.02902 Ϯ 0.022, 0.033 Ϯ 0.022, and 0.01561 Ϯ 0.022, respectively). Interaction between the adjacent crop/habitat and distance from the Þeld margin were not signiÞcant for densities of adults, nymphs, and total bugs and boll injury (Table 2) .
Temporal Analyses. Densities of adults and total bugs were signiÞcantly greater in cotton adjacent to soybean at 0 m compared with densities in all other habitats/crops and distances during early season (Fig.  3) . No signiÞcant crop or distance effects were observed during the early season for total bugs, adults, or nymphs or boll injury (Table 2) . Densities for total bugs, adults, and nymphs were signiÞcantly greater in cotton adjacent to peanut than in all other crops and habitats during midseason (Fig. 1) . During midseason, boll injury ranged from 1.5-to 1.7-fold greater in transects adjacent to soybean and peanut compared with transects adjacent to cotton and corn, with intermediate injury in cotton adjacent to woods (Fig. 1) . Densities of adults and total bugs and boll injury for midseason were signiÞcantly greater at 0 m than at the other distances during mid and late season (Fig. 2) . As observed during midseason, densities of total bugs and nymphs during late season were signiÞcantly greater in cotton adjacent to peanut than any other habitat/ crop. Densities of adults were greatest in transects associated with soybean but not different from den- sities in transects away from peanut or woods, but were signiÞcantly greater than those associated with cotton or corn (Fig. 1) .
Discussion
These results suggest that stink bugs emigrate from surrounding habitats and crops along the margins of cotton Þelds where they reproduce and feed on developing bolls as mid-to-late season pests. The results from this and other studies indicate that control of stink bugs will likely be more critical in cotton adjacent to soybean (Bagwell and Sharp 2006) and peanut (Tillman 2006 (Tillman , 2008a Toews and Shurley 2009 ) than in cotton near woods, corn, and other cotton Þelds. Toscano and Stern (1976) , Zalom et al. (1996) , and Espino et al. (2008) also found greater densities of stink bugs in samples taken nearest the Þeld margin than samples further within the Þeld adjacent to other agronomic crops. From the standpoint of maximizing cultural control of stink bugs, these data suggest cotton should be isolated as much as possible from other crops that act as sources of stink bugs, which may later disperse to cotton. Overall analyses indicated that distance was not a signiÞcant effect for nymphs (Table  2) , although the effect was signiÞcant for adults and total bugs. The nonsigniÞcance of the distance effect can be attributed to uncontrolled factors including row orientation, which can affect bug movement (Panizzi et al. 1980 , Tillman et al. 2009 ) and oviposition location by adult females.
The strong edge effects observed in this study help explain previous success with using trap crops to manage stink bugs (Tillman 2006) . When implemented, trap crops potentially can minimize the movement of stink bugs between crops. These areas may be intensively managed to prevent bugs from migrating into adjacent Þelds. Because the largest group of susceptible bolls likely occurs during a compact window (weeks 3Ð5 of bloom) of boll development ), cotton may be at earlier risk for crop injury from stink bugs than determinant, full-season soybeans, which have a later window of attractiveness (Bundy and McPherson 2000) . However, early-maturing soybeans could act as a potential trap for stink bugs with an attractive pod-setting pe- riod that precedes or partially coincides with highly susceptible periods of cotton development. (Bundy et al. 1998 , Bundy and McPherson 2000 , Gore et al. 2006 . Sorghum also has potential as a trap crop for stink bugs migrating from corn and peanut into cotton. Cotton with a sorghum trap margin can require fewer insecticide applications to control southern green stink bugs than cotton Þelds without sorghum margins (Tillman 2006) . Trap crops and fallow/natural areas around Þelds may contribute to biological control of stink bugs by increasing the movement of predators into cotton and enhancing the action of natural enemies (Haney et al. 1996 , Krauter et al. 1998 , Coombs 2000 , Tillman 2006 .
Treatment thresholds for stink bugs in South Carolina are one adult or large nymph/1.83 row-m (6 rowft) or 20% boll damage in quarter-sized bolls (Greene et al. 2006) , although recent research suggests a dynamic threshold may be more appropriate ). In this study, densities of bugs were above threshold (20%) only for adults and total bugs in cotton immediately adjacent (0 m) to soybean during early season (Ϸ1.13 bugs/1.83 row-m; Fig. 3 ). Percentage of injured bolls exceeded 20% in transects away from soybeans, peanuts, and woodlands during midseason and surpassed the treatment threshold at 0, 5, and 10 m. By late season, boll injury exceeded the threshold for all distances measured. These results suggest that detection of boll injury is a sensitive measure of bug presence when densities of stink bugs are below treatment thresholds, a Þnding consistent with other studies on stink bugs in the mid-south (Steede et al. 2003) . Multiple factors, including the ability of adult bugs to disperse to different areas of the Þelds after feeding and additional injury caused by other boll-feeding insects such as the tarnished plant bug, might explain the discrepancy between observed densities of insects and injury to bolls.
Further studies are needed to examine the economic beneÞts of treating Þeld margins in a site-speciÞc manner to optimize cost of treatment with yield potential as opposed to whole-Þeld treatments in cotton. A management scheme of this type may potentially increase yields, particularly along edges of Þelds (De Snoo 1999 , Blom et al. 2002 . Additional studies may also determine whether using treated and untreated trap crops contribute to decreasing injury from stink bugs or reductions of yield. Results from this study also suggest scouts and consultants can detect initial bug infestations along the margins of cotton Þelds. Further research is considered necessary to elucidate not only movement of stink bugs into cotton from adjacent crops and habitats but also bug dispersal among cropping systems on a farmscape level.
